Abstract. Permanent magnet synchronous motor (PMSM) has been widely used in industrial fields. The conventional control method for vector control of PMSM is PID, which has some disadvantages such as large overshoot, bad robustness. In this paper, a cascade control strategy with three first-order linear active disturbance rejection controllers( LADRC) is proposed, which can achieve not only cascade control of speed and q-axis current but also decoupling of d-axis and qaxis current. In order to improve the anti-disturbance ability, a load disturbance observer(LDO) is designed for model compensation. The simulation results show that, compared with PI controller , cascade LADRC method with model compensation has advantages of no overshoot, strong robustness and anti-disturbance ability.
Introduction
Owing to their characteristics of high power density, high efficiency and reliability, PMSMs are widely used in various industrial fields [1] . Vector control is one of the most commonly used control methods of PMSM, whose speed and current are generally regulated by proportional/integral/derivative (PID) controller. The conventional PID controller has the advantages of easy realization and simple control. However, it also has some disadvantages, such as large overshoot, long settling time and so on. It is difficult for the PMSM system to realize high precision control.
Therefore, in recent years, many methods are used to improve the conventional PID controller and enhance the control performance [2] [3] [4] [5] [6] . Active disturbance rejection controller(ADRC) proposed by Han is one of these methods which does not rely on the precise model, and has strong robustness and adaptability [7] . However, the tuning procedure of ADRC is very complicated due to its large number of parameters. To simplify the problem, the linear active disturbance rejection controller (LADRC) was proposed by Gao [8] . A second-order LADRC was proposed for the speed control , regarding current loop controller as part of the PMSM model [9] ; LADRC was also introduced into sensorless vector control system of PMSM, tuning easily and showing good performance [10] .
The aforementioned papers are mainly for the speed loop design. Regarding the speed loop and current loop as a whole, the use of cascade control can further improve the control performance of the system [11] . Based on this idea, three first-order LADRCs are designed for cascade control and decoupling in this paper. In addition, a LDO is designed for model compensation of speed LADRC. Simulation results show that the proposed controller can provide excellent control dynamic and static performance under large variations of model parameters and load disturbance compared with the conventional PI controller.
Where The mathematical model of LADRC. For the sake of simplicity, consider a first-order plant
Where y and u are output and input, and () wt is external disturbance. Here, 
Where 2 u xf = is an augmented state, 0 p is the observer bandwidth,
fxwtt is regarded as model compensation part. With the LESO designed, the controller is given by (6) and (7) 01 () 
The framework of LADRC is shown in Fig.1 . 
f contains the coupling terms, i.e., the product of q i and r w .A first-order LADRC can also be designed for the decoupling of d i with q i . The coupling term can be real-timely estimated and dynamically compensated by LESO of LADRC.
Load Disturbance Observer and Model Compensation. The term 1 f in (8) is the disturbance of the speed loop. It is difficult to ensure the estimation precision if 1 f is big . The load torque l T is the main factor that influences 1 f . If l T could be observed and used for model compensation, the pressure of LESO for disturbance estimation reduces. Thus, a LDO is designed as follows.
From equation (1) 
Simulation Results
To show the performance of the proposed controller, a MATLAB/Simulink model has been established . Each first-order ADRC is written by an S-function . Table 1 lists the parameters of PMSM and controller used in the simulation. The performance of the proposed controller is investigated under the following three cases :a) ideal condition; b) load disturbance and c) parameter variation. The proposed method is compared with the vector control based on the conventional PI controllers which are manually tuned to their desirable values.
Ideal Condition Performance. Fig. 5 shows the comparative simulation results of the step response of speed. The speed reference given is 500r/min. PI has an obvious overshoot which is nearly 10%. Owing to the transient process arranged by the first-order TD, the proposed cascade LADRC has no overshoot and the shorter settling time. Fig. 6(a) shows the speed response curve. When the load torque changes, the proposed cascade LADRC can settle down to the speed reference given rapidly, whereas the PI has obvious speed drop or rise. This shows that the proposed controller has better performance compared with the PI controller from the viewpoint of anti-disturbance ability. Fig. 6(b) shows the load torque disturbance observed by LDO. The LDO can observe the applied load torque accurately and work well for the model compensation. Parameters Variation Performance. Fig. 7 shows the comparative simulation results when the PMSM parameters vary. The motor parameters J , f y , q L and d L change to 2.5, 1.2, 1.2, 0.5 times (becomes smaller when magnetic saturation occurs) of the original respectively. Load torque disturbance steps up to 1 N.m at 0.1 s and down to 0.7 N.m at 0.13 s. Although, the parameters variation is not the general case, the proposed cascade LADRC can be evaluated under such rigid condition. Fig.  7(a) shows the speed response curve. The proposed cascade LADRC has nearly no overshoot and the shorter settling time than the PI controller. The strong robustness has been proved to the variation of the PMSM parameters. Fig. 7(b) shows the load torque disturbance observed. It can be seen that the disturbance observed is smaller than the applied value due to the variation of the PMSM parameters . The model compensation effect weakens when parameters vary greatly. 
Conclusions
A novel cascade LADRC with model compensation has been presented in this paper for vector control of PMSM. The speed and q-axis current controllers are designed by two first-order LADRCs based on cascade control theory. The transient process is arranged in the speed LADRC resulting in fast response and no overshoot. Then the d-axis current LADRC is designed for the decoupling daxis and q-axis currents. A LDO is also designed for model compensation and further improvement of anti-disturbance ability. Simulation results show that the proposed method has the advantages of no overshoot , short settling time, good anti-disturbance ability and robustness to parameters variation when compared with the conventional PI controller.
